Wetland rice fields are source of atmospheric methane. Methane is formed following reduction of carbon dioxide by hydrogen and through decarboxylation of acetate in anaerobic soils under reduced conditions. Methane production requires flow of carbon and electrons to microbial population of methanogens under reduced conditions in the strict absence of free oxygen. Application of or in-situ availability of terminal electron acceptors (oxidants) such as ferric iron or sulfate allows iron or sulfate reducers to successfully ORDER REPRINTS compete for substrates, hydrogen or acetate, with methanogens. This stops methane production. Electron acceptors also oxidize methane and reduce its emission. Since iron redox system plays a dominant role in tropical rice soils, which are rich in iron, the role of iron oxides and hydroxides as electron acceptor for controlling methane emission from wetland rice fields deserves more attention. For mitigating methane emission from wetland rice fields, ferric iron as a terminal electron-accepting agent, can either be added to the soil or regenerated in the soil by manipulating redox potential through soil and water management. Examples are given from recent literature illustrating the role of electron acceptors (ferric iron, sulfate, etc.) in reducing methane emission from submerged rice soils. The need for future research is also examined.
INTRODUCTION
The involvement of greenhouse gases in global warming has focused attention on the ways to mitigate their emission from lowland rice fields, which are source of methane emission to the atmosphere. Methane (CH 4 ) ranks second only to carbon dioxide (CO 2 ) among the greenhouse gases: CO 2 , CH 4 , chlorofluorocarbons (CFCs), and nitrous oxide (N 2 O), for its contribution to global warming. [1] Although the concentration of methane is far lower than that of carbon dioxide in the atmosphere, it has high thermal adsorption and hence its contribution to global warming is more than its concentration would suggest.
Recent reviews [2, 3] comprehensively cover the aspects of methane production and its fluxes from lowland rice fields, and crop and water management strategies for mitigating methane emission from wetland rice paddies.
Methane is produced as the terminal step of the anaerobic decomposition of organic matter in wetland soils. Methanogenic bacteria exclusively produce methane in the strict absence of free oxygen and at redox potentials of less than À150 mV. [4] The methanogens are best at work at a pH of 6-8 and a temperature of 30-40 C. [5] In wetland rice soils, methane is produced (i) by transmethylation or decarboxylation of acetic acid, and (ii) by the reduction of carbon dioxide. [6] Methane ORDER REPRINTS production by these two pathways can be represented by the following reactions:
The formation of methane is preceded by the production of volatile acids. Hydrogen evolution follows the disappearance of oxygen following flooding of the soil into water. In this sequence, carbon dioxide evolution is followed by methane formation and emission. [7] The production of CH 4 is controlled by the flow of carbon (C) and electrons to the microbial community of methanogens during anaerobic organic matter degradation process. Also, thermodynamic constraints of the in-situ reactions involved and changes in the composition of microbial community affect methane production. [8] An understanding of the in-situ processes involved on a microscopic level provide leads for developing strategies for controlling methane production and emission. Conrad [8] has reviewed the existing knowledge of microbiological data, microscopic processes, and other factors relevant for the control of methane production in wetland rice fields.
The main electron-acceptors in submerged soils include dissolved oxygen (O 2 ), NO À 3 , Fe (III), SO 2À 4 , and CO 2 . The final products of reduction in submerged soils are Fe (II) from Fe (III), H 2 S from SO 2À 4 and CH 4 from CO 2 . In principle, mitigation in methane production can be achieved by adding electron acceptors and oxidants. However, electron-acceptors such as ferric iron or sulfate are preferred for this role because they allow iron reducers or sulfate reducers to successfully compete for substrates, hydrogen and acetate, with methanogens. This stops methane production and emission.
The use of electron acceptors for mitigating methane emission from wetland rice fields seems attractive, especially in tropical rice soils, which are relatively rich in iron and iron redox dominates all other redox species combined in wetland soils. [9, 10] But this area of research has not received the attention it deserves. This article critically reviews the prospects of mitigating methane emission from wetland rice paddies by employing electron acceptors (oxidants), added or regenerated in the soil in-situ through soil and water management. The potential avenues of future research on the potential use of terminal electron accepting agents in reducing methane emissions are also examined. Since iron redox plays a dominant role in tropical wetland rice soils, [9, 10] its role as an electronaccepting agent for controlling methane emission, evidently receives greater attention.
ORDER

REPRINTS
TERMINAL ELECTRON ACCEPTORS FOR CONTROLLING METHANE EMISSION FROM SUBMERGED RICE SOILS
Anaerobic decomposition of organic matter has been described as a two-phase step, premethanogenesis and methanogenesis. [11, 12] The reduction process in submerged soils follows the sequence: oxygen, nitrate, manganese (Mn), iron (Fe), sulfate, and carbon dioxide.
Molecular oxygen (O 2 ) is undetectable when redox potential (Eh) is in the range of 380 to 320 mV; nitrate and Mn (IV) are unstable in the Eh range of 280 to 220 mV; Fe (III) is undetectable in the Eh range of 180 to 150 mV; sulfate is undetectable in the Eh range of À120 to À180 mV and carbon dioxide disappears in the Eh range of À200 to À280 mV. [9, 10] Carbon dioxide is reduced to methane at a very low Eh. If any of the oxidized components of Fe [Fe (III)], Mn [Mn (IV)], and N (nitrate) are present in the soil, the Eh is poised at a higher redox potential, and methane production is temporarily stopped until the oxidized species are reduced. As a corollary, the application of electron acceptors such as ferric Fe and sulfate can be used for retarding methane production and emission from submerged soils. This strategy is both sound and practical for reducing methane emission from rice paddies.
Because sulfate reduction occurs before methane formation in the sequence of reduction in submerged soils, [9, 10] the presence of sulfate potentially can inhibit methane formation in anaerobic soil systems. Evidently, sulfate reducers compete with methanogens for substrates, acetate, and H 2 , resulting in inhibition of methane formation. [13] Based on the results from studies of organic matter-rich marine sediments, it was suggested that sulfate reduction and methane production are mutually exclusive and hence presence of sulfate halts, at least temporarily, the production of methane. [14] Application of salts to wetland rice soils can affect methane production and emission. For example, addition of sodium chloride at relatively high concentration (0.18 M) retards methane production. [15] Addition of seawater also retards methane formation at relatively low rates of salt concentrations because of sulfate content in the seawater. [16] The presence of sulfate provides the opportunity for sulfate reducers to compete with methanogens for hydrogen. Methane emission from wetland rice fields on saline, low-sulfate soils were lower than methane emission from otherwise comparable nonsaline rice fields. [17] It was suggested that sodium chloride in saline lowland rice field reduced methane emission. The results were confirmed by adding sodium chloride to soil in the field, and the addition of sodium chloride indeed greatly reduced methane emission. Whether reduced methane emission was due to the inhibition of methane formation or due to methane oxidation however, could not be fully established.
The finding that sulfate reducers inhibit methane production in lowland soils by out-competing methanogens for substrates, has been tested for evaluating the effect of sulfate containing chemicals on methane production and emission. The addition of fertilizers, chemicals, or amendments (such as gypsum) containing sulfate indeed have been found to retard methane emission from rice paddies. [18] [19] [20] [21] [22] Addition of single superphosphate, which also contains sulfur, as phosphorus (P) source to flooded rice soils, not only supplied P to wetland rice, but also inhibited methane production. On the other hand, application of P as K 2 HPO 4 was found to stimulate methane production in a P-deficient soil. Also, application of rock phosphates that contained sulfur retarded methane production, while rock phosphate sources that did not contain sulfur stimulated methane production. It was concluded that the application of single superphosphate to wetland rice could be used as methane mitigation strategy in P-deficient soils where addition of P is necessary for sustaining increased rice production and productivity. [21] Lindau et al. [20] evaluated the efficacy of application of calcium sulfate for mitigating methane evolution in irrigated rice field. Calcium sulfate was applied at 0, 1000, and 2000 kg ha À1 to rice plots treated with urea (128 kg N ha À1 ). It was found that calcium sulfate application reduced methane evolution 29 and 46% compared to control (no calcium sulfate applied) at the low (1000 kg ha À1 ) and high rate (2000 kg ha À1 ), respectively, over the 70 days sampling.
It is postulated that bacteria that utilize H 2 by reducing sulfate or ferric iron are able to deplete H 2 to concentration levels that methane production is not feasible. [8] Microbial processes determining the different phases of methane production following flooding of soil are summarized in Table 1 .
The penetration of oxygen during drainage of rice paddies allows oxidation of reduced sulfur to sulfate and ferrous Fe to ferric Fe. The production of sulfate and Fe (III) allows the utilization of H 2 and acetate, the two most important substrates for methane production, by sulfatereducing and iron-reducing bacteria more efficiently than the methanogens. The concentrations of H 2 and acetate are depleted to so low levels that methane production is not feasible. [23] [24] [25] Indeed, the hydrogen concentration in aquatic sediments has been proposed as an indicator of the predominant terminal electron-accepting reactions. [26] This finding should be equally applicable to submerged soils.
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Wetland rice soils with high amounts of easily decomposable organic matter and substrates such as acetate and H 2 , and low amounts of electron acceptors such as ferric iron and sulfate, under reduced conditions, are likely to produce higher amounts of methane. [18] Moreover, the extent and duration for which methane production is suppressed is mainly controlled by the ratio of easily oxidizable organic matter to easily reducible iron. [8] Also, recent research established organic matter and reducible iron (extracted by ammonium oxalate or EDTA) control of N mineralization in submerged rice soils. [27] The reviews of recent research emphasized the importance of iron that participates in redox reactions, estimated by the amount of reducible iron, in controlling the oxidation of organic matter and N mineralization in wetland soils and sediments. [28, 29] Table 1 . Microbial processes determining the various phases of methane production in wetlands following flooding of the soil. [8] Phase
Microbial processes Since iron redox plays a dominant role as electron acceptor in wetland rice soils, [9] its role as an oxidant in wetland rice soils is equally important. Recent research showed that iron that participates in redox reactions accounts for over 50% of the organic C that is oxidized to carbon dioxide in the season. [30] This conclusion is supported by the results of a study made in Italy, which showed that relatively high concentration of ferric iron, to a minor extent of sulfate, in rice fields resulted in acetate conversion to carbon dioxide rather than to methane. A decrease in acetate concentration resulted in decreased methane production rate. [31] It was concluded that the generation of ferric iron as an electron acceptor might result in dramatic reduction in methane production.
In earlier studies made in Japan, it was hypothesized that the ratios of the final C products of organic matter decomposition in anaerobic soil-CO 2 :CH 4 is regulated by the ratio of oxidizing capacity to reducing capacity. The amounts of reducible oxygen, nitrate, Mn (IV), and Fe (III) (electron acceptors) correspond to the oxidizing (electron accepting) capacity, because these compounds act as the oxidants during the facultatively anaerobic step. Ammonium plus ammonia formation was taken as the index of reducing (electron donating) capacity, because ammonium is formed during anaerobic incubation from the easily decomposable organic matter. According to this hypothesis, higher the oxidizing capacity relative to reducing capacity of the soil, the higher the CO 2 :CH 4 ratio. [32] Asami and Takai [33] found that the addition of amorphous iron oxide (electron acceptor) in anaerobically incubated soil depressed the accumulation of volatile fatty acids and methane. It was postulated that sesquioxide acted as a buffer to reduction of carbon dioxide in the methanogenic process. These results lend support to the hypothesis forwarded by Takai [32] on the role of soil's oxidizing capacity in controlling methane production.
Koyama and Kimura [34] studied the effects of application of ammonium sulfate, seawater (rich in sodium chloride and sulfate), iron oxide (Fe 2 O 3 ) and ferric hydroxide [Fe (OH) 3 ] containing less than 2% Fe and manganese dioxide (MnO 2 ), an oxidant, on methane production in paddy soils. It was found that application of ammonium sulfate (1.14 g sulfate kg À1 soil) and seawater (containing sodium chloride and sulfate) inhibited methane production. The application of ferric oxide or ferric hydroxide, applied at 2.0 g of Fe (III) kg À1 soil, did not suppress methane production, probably due to low content of amorphous ferric oxide iron. But more importantly, the application of manganese dioxide, at a rate of O.57 Mn (IV) kg À1 soil, inhibited methane production.
Manganese dioxide is an oxidant and retards soil reduction. It was observed that soils naturally high in manganese dioxide underwent slow reduction on flooding. Subsequently, it was found that the addition of manganese dioxide (0.4% by weight of the soil) to flooded rice soils retarded soil reduction and improved the growth and yield of rice on two strongly acid soils in a greenhouse pot study. [35] It is established that amorphous iron is easily reduced in submerged soils. The intensity of Fe(II) production in submerged soils increases with a decrease in crystallinity of the pedogenic Fe(III) oxides and hydroxides and with increase in the easily mineralizable organic matter. [36] [37] [38] [39] Moreover, soil organic materials have inhibitory effect on the crystallization of amorphous ferric hydroxides and help maintain iron in the amorphous and relatively reducible form. [40] In these redox reactions, ferric iron serves as electron acceptor and organic matter (CH 2 O) as the electron donor:
Studies made with steel industry by-product in Japan showed that their application increased iron oxide in paddy soil. The iron oxide acted as an oxidant (electron acceptor) and significantly inhibited the methane flux from paddy soils. The reduction in methane emission was attributed to both reduction in methane production and increased oxidation of methane produced. [41] However, some of the steel industry by-products, such as iron slag, contain large amounts of calcium. Because of high content of calcium, they are basic in nature and retard reduction of Fe(III) to Fe(II) when added to wetland rice soils. Such products may not be very effective in controlling methane production or emissions from wetland rice fields.
To get a better understanding of the controls of methane production, microcosms planted with rice were used to study methane emission, porewater chemistry, and the potential role of ferric iron as a competitive electron acceptor. Methane formation in microcosms peaked after 60 days when porewater methane concentrations in the unrooted soil also reached their highest values. A rooted soil layer with low methane concentrations and high Eh developed on top of the lower unrooted soil. Methanogenesis in the rooted upper soil layer started at a very low rate, but increased dramatically (10-fold increase) after 25-40 days when ferric iron reduction had stopped (see data in Table 1 for the description of different phases in wetland soils). However, there was no difference or change in the numbers of culturable methanogens between the two layers, either at the start or at the end of the experiment. Therefore, the lag phase ORDER REPRINTS in methane production by the upper soil layer may have been caused either by competition for substrates or by direct inhibition, but not by population growth of methanogens. Oxygen release from rice roots controls methanogenesis in the rooted soil layer either directly or by the oxidation of ferrous iron. The results presented suggested that the presence of ferric iron, resulting from the input of oxygen via the roots resulted in a shift of electron flow from methanogenesis to ferric iron reduction. This interaction is assumed to be of major importance for the biogeochemistry of methane in wetland rice fields. [42] These results are in agreement with the observations made by Roden and Wetzel, [43] who showed that plant-mediated iron oxidation, from ferrous to ferric iron, reduced methane production in freshwater wetland sediments.
The research evidence presented by Frenzel et al. [42] and Roden and Wetzel [43] clearly demonstrate the importance of ferric iron as an electron acceptor for reducing methane production in wetland rice soils and wetland sediments.
Similarly, the presence of nitrate, an electron acceptor, retards methane production in a way any other electron acceptor such as ferric iron does. Electron acceptors such as nitrate, sulfate, or ferric iron result in nitrate reducers, sulfate reducers, or ferric iron reducers in submerged rice soils utilize acetate and H 2 more efficiently than methanogens. And, hence the reduction in methane production and emission. [13] More importantly, electron acceptors such as ferric iron can also be regenerated by increasing the redox potential through the entry of air from the atmosphere. As discussed in the Introduction, iron redox play a dominant role, especially in the tropical rice paddy soils, which are rich in native iron. The regeneration of electron accepting ferric iron can also be achieved by soil and water management practices. Hence, in the use of ferric iron as terminal electron acceptor, we have the option. Ferric oxide and hydroxides as terminal electron acceptors can be either added from externally available sources such as steel industry by-products and naturally occurring pyrites (FeS 2 ) or they can be regenerated in-situ in the soil by manipulating Eh, for controlling methane emission from tropical rice paddies.
PERSPECTIVES
The easily reducible iron and organic matter are the two most important factors in controlling the redox reactions and soil reduction in submerged rice soils. Keeping the paddy rice soil reduced in the healthy redox potential zone will not only reduce production of methane, but would also be favorable to wetland rice production. [44, 45] The use of cheap sources of iron such as steel industry wastes and naturally occurring ores such as iron pyrites should be evaluated for mitigating the emission of methane from wetland rice fields. However, there is a need for developing chemical indices or criteria for characterizing active or free iron content of various substances which can be used for assessing iron products' capacity to supply electron accepting ferric iron for use in submerged rice paddies.
Also, there is need to study the fluxes of methane from wetland soils that are rich in reducible iron and cause iron toxicity to wetland rice. Such soils occupy large area in much of tropical Asia and Africa. [46, 47] It would be interesting to investigate the role of in-situ availability of terminal electron acceptors (ferric oxides and hydroxides) in soils that are rich in reducible iron and even cause iron-toxic to wetland rice. This area of research remains unexplored and needs research attention.
Simultaneously research should be conducted for developing strategies that reduce methane emission without compromising with the rice yields by using soil and water management practices that are conducive to regenerating ferric iron as an electron-accepting agent. It is hoped that this article will stimulate research along the lines discussed for controlling methane emission to the atmosphere from rice fields without compromising with rice production in wetlands, which have had contributed handsomely to global rice supply. [48] 
